The molecular structure predicted for the germabicyclo[3.1.0]hexanes (GBCH) by means of molecular mechanics calculations is in a good agreement with the observation by 1 H, 13 C and 73 Ge NMR spectra. The structure was confirmed by means of X-ray crystallographic analysis of a solid derivative of GBCH, spiro [3-germabicyclo[3.1.0]hexane-3,9'-[9]germafluorene]. Thus, GBCH prefers the boat form even if highly substituted at Ge3.
Introduction
In the field of conformational analysis the bicyclo[3.l.0]hexane ring system (BCH) has remained as one of the most interesting target. Thus, Hildebrandt et al. 1 reported the zero-point average structure of the parent compound of BCH, i.e., bicyclo[3. The preferred boat conformation of BCH skeleton was also observed to persist in such a compound as 6-oxabicyclo[3.1.0]hexane(7C) where the bowsprit/flagpole interaction between endo-H3 and H6 in 1C does not exist. Introduction of bulky substituents on C3, C6 or other positions, on the other hand, will increase the bowsprit/flagpole interaction between C3 and C6. to favor the chair form. Thus, an X-ray study of 3,3-diethyl-6,6-diphenyl-1-azabicyclo[3. 1 .0]hexane revealed the chair conformation.
In our extensive investigation on the structure of germacycloalkanes, 4 we have shown that germacyclohexane is flattened around germanium. This is in line with our observation that the conformational energy of a methyl group of 1-methylgermacyclohexane is 0.2 kcal mol" 1 in favor of the axial conformer.
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In respect to preference of a boat form in BCH, the structure of 3-germabicyclo[3.1.0]hexane ring system(GBCH) will be particularly interesting. Thus, the prolonged C-Ge bond length will reduce the bowsprit-flagpole interaction in the boat form and it is expected that bulkier substituents at Ge3 and/or C6 will be required to convert a boat into a chair form. In other word, GBCH is expected to be a boat form even if Ge3 and/or C6 is highly substituted.
To prove this assumption, we attempted to estimate the steric requirement for preferred boat conformation for BCH and GBCH by means of molecular mechanics calculations(MM2) and to confirm the estimation by experimental data, /'. e" their 1 H, 13 C and 73 Ge NMR spectra and X-ray crystallographic data of solid derivative. The structures of compounds discussed in this paper are listed below.
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Results and Discussion

Molecular Mechanics Calculations:
The steric energy and its component energies for selected BCH and GBCH are listed in Table 1 . In MM2 calculations, total steric energies(E s ) are the sum of compression energy(E c ), bending energy(Eb), stretch-bend energy(E s b)> tortional energy(Et), van der Waals energy, which is subdivided into the energy associated with 1,4-interaction(E·) 4) and that with other interactionEother). and dipole/dipole interaction energy(Edi).
It was reported that the boat form of lC(hereafter to be referred to as b-1C) is favored by 2.5 kcal over the chair form of 1C(c-1C). 6 Our calculations give a similar difference(2.59 kcal moM) as is shown in the This prediction based on the molecular mechanics calculations can be acceptable at least for BCH in view of the agreement between calculations and experiments previously reported 6 On the other hand, the reliability of MM2 calculations of GBCH exclusively depends on whether the parameters used to treat germylcyclopropane moiety are appropriate or not since no parameters for germanium which is adjacent to cyclopropane/oxirane ring are not included in the set proposed by Ouellette 7 nor that by Allinger. 8 The strategy taken by us to overcome this situation was previously described by us. 9 If our treatment is allowed, the enhanced preference of boat form for GBCH was supported by MM2 calculations. Thus, the difference of steric energy between the boat and chair form of 3-germabicyclo[3.1.0]hexane(1G), i.e., b-1G and C-1G is ,1.49 kcal mol" 1 which is ca. 1 kcal less than that for 1C. As expected, the boat form is preferable also for 3,3-dimethyl-3-germabicyclo[3.1.0]hexane(2G) and 3,3-diethyl-3-germabicyclo[3.1.0]hexane (3G) though the difference is smaller as the number and size of the substituent increase. The steric energy for the boat and chair forms of 3,3-diethyl-1-methyl-3-germabicyclo[3.1.0]hexane(b-4G and c-4G) is nearly equal, and finally, the chair is preferable for 3,3-diethyl-1,5-dimethyl-3-germabicyclo[3.1.0]hexane (5G) by 0.38 kcal mol" 1 . The difference is small in comparison with the preference of c-5C over b-5C which is as large as 3 kcal mol"
1 . We tentatively accepted this prediction reasonable since the calculation was consistent with the NMR data as is described below. 9 The bond length and bond angle for BCH and GBCH are quite similar for all compounds investigated regardless of the type and number of the substituents or whether the ring is a chair or a boat. 9 The dihedral angles as conventionally defined or the flap angles φ and α as defined in Fig. 1 , which can be variable depending on the size of the ring substituent(s), have been accepted as one of the characteristics of BCH. The flap angles φ and a for BCH and GBCH estimated from the MM2 optimized structure are summarized in Table 2 .
The flap angle φ is not sensitive to substitution at C3(Ge3) or C1(5) whether the compound is in a boat or in a chair conformation. The other flap angle α is sensitive to gem-dimethyl substitution at C1 (for definition, see the structures) while these of 4G and 5G are essentially identical to indicate that the germacyclopentanes are not sensitive to the same substitution. Thus, as is indicated by the b-1G/b-2G pair, the gem-dimethyl substitution reduces α of GBCH in a boat form only by 3° to indicate the bowsprit/flagpole interaction is not very large in the boat form of GBCH. Interestingly, in the chair forms of both BCH and GBCH, the gem-dimethyl substitution does not cause essentially any change.
X-ray crystallographic analysis
In view of the results by MM2, we thought it would be interesting to prepare a solid derivative of GBCH with bulky substituents at Ge3 and/or C6 position. For this purpose we chose spiro[3-germabicyclo[3.1.0]hexane-3,9'- [9] germafluorene] (10G) and spiro[6-oxa-3-germabicyclo[3.1.0]-hexane-3,9'- [9] germafluorene] (11G). Since fluorene moiety remains as a plane, the steric requirement around germanium is higher than these of 3G and 6G, and hence in the case of carbon series, such compounds should be in a chair. We attempted an X-ray crystallographic study of 10G. 10 In Fig. 2 the Ortep drawing of 10G is given. First, GBCH is a boat with the flap angles α and φ, 5.3° and 44.0°, respectively. Second, the germafluorene moiety is perpendicular to GBCH plane and hence a serious steric congestion between the proximal benzene ring(C1'(H1*) in Fig. 2 ) and the cyclopropane moiety is likely. The X-ray data indicates that the distance between CV and C6(see Structures for numbering) is 3.349 Ä, which is shorter than the average van der Waals contact distance(3.40 Ä). The smaller flap angles as compared with those of 2G(18.5° and 69.5°, respectively 9 based on MM2) must be caused by this steric congestion. Except this flattening, the germacyclopentane moiety of 10G is, however, normal. Thus, the bond angle, C2-Ge3-C4 of 10G is 94.2° while the corresponding angle of 1,1-dimethylgermacyclopentane in the envelop form based on MM2 is 89.5°. 12 The other bond angles and bond distances are in the range of standard values.
In Fig. 3 the crystal structure of 10G was shown, which belongs to the space group Pbca (No. 61). It is noteworthy that the germafluorene moieties are faced to each other along the a glide plane and that the germabicyclo[3.1.0]hexane moieties are also faced to each other along the same glide plane. That is, the two moieties make separate columns in crystals. NMR Spectra 13 C and 73 Ge NMR chemical shifts of some of BCH and GBCH are listed in Table 3 .
( 73 Ge NMR Spectra)--ln view of the general difficulty to observe 73 Ge signals, and particularly in view of fairly large molecular weights, it is rather surprising that we could observe 73 Ge resonances of 2G-5G though the half-widths are a little larger than those of simple For accessing the effect of adjoining cyclopropane ring, and its relative orientation to the germacyclopentane moiety(i.e., boat or chair) upon 73 Ge chemical shifts of GBCH, the shift for 1,1-dimethylgermacyclopentane(8 40) and that for 1,1-dimethylgermacyclopent-3-ene(6 37) will be the reference. From the chemical shift for 2G(5 57), it is assumed that the effect of fused (possibly cisfused)cyclopropane is ca. 17 ppm. The effect of 3-ethyl groups causes an additional down field shift of 19 ppm (3G; δ 76). This is a reasonable value in view of the shifts for 1,1,3-trimethyMgermacyclopent-3-ene(8 44.6) and 1,1-diethyl-3-methyl-1-germacyclopent-3-ene(5 70.9) 12 The shift (δ 82) observed for 4G is along this line, and compounds 2G-4G seem to have the same(thus boat) structure.
The shift(5 46) observed for 5G is anomalous since a similar shift with that of 4G is expected. The only possible explanation is that the compound has a chair structure where the γ-effect is and I. Zicmane 
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expected because of the interaction between germanium moiety and two methyl groups at C1,5. In conclusion, MM2 calculations indicate that GBCH remains boat until excessive substitution disfavors the boat form. This is in a sharp contrast to the case of BCH where an endosubstituent at C3 makes the chair more favorable. ( 13 C NMR Spectra)--No 13 C NMR data are available for 2C-5C and hence it is impossible to compare these with the corresponding 2G-5G. The assignment for 2G, 3G and 5G was based on the off-resonance decoupling and J-modulated spin-echo technique.
The most characteristic feature of 13 C resonances of 1C 13 is the high field signals of cyclopropyl carbon nuclei(C6 at δ 5.8 and C1,5 at δ 16.7). It will be interesting to compare the data for 1G with these of 1C. The preparation of 1G was, however, difficult because of the labile Ge-H bonds. Hence, the C6 chemical shift of 1G was estimated from the chemical shifts of model compounds.
11 · 12 Generally speaking, the chemical shift data for C1, C2, C4-C6 of 1G-5G alone cannot indicate whether the GBCH ring is a boat or chair although these are explainable in terms of a boat conformation.
It was expected that the chemical shift differences of two alkyl(Me or Et) substituents at Ge3 can differentiate the conformations. The chemical shift difference between two Me of 2G is 1.34 ppm which can be referred to the corresponding difference reported for 1,1-dimethylgermacyclopentane-3-ol (0.40 ppm) 12 . The larger difference for 2G is in line with the boat conformation where bowsprit/flagpole interaction is larger.
The chemical shifts of CH2 carbons of two Et groups can also be an indication of ring conformation. Among three compounds 3G-5G, the difference is largest for3G(1.32 ppm). For 4G and 5G, the differences are 1.11 and 0.88 ppm, respectively. If the change of conformation from a boat to a chair takes place around this degree of substitution, this small difference can be used as the criterion of the conformation. The argument is, however, a little risky in view of the very small values involved.
The data for 6G are less clear since the nonequivalence of two phenyl groups are not distinct. Since the differences observed for 10G and 11 G( a boat!) are also small as will be described later, the small difference does not necessarily correspond to a chair conformation.
In the case of 3,3-dimethyl-6-oxa-3-germa-bicyclo[3.1.0]hexane (8G), the chemical shift difference observed for two Me is again large(1.67 ppm) which can be assigned to a boat structure. The difference of Ph signals observed for 3,3-diphenyl-3-germa-6-oxabicyclo[3.1,0]hexane(9G) is again small.
The structural feature of 10G is most effectively demonstrated by the aromatic region of 13 C NMR spectra of 10G where two set of six signals, one for the proximal to the three-membered ring and the other for the distal benzene rings, were observed. The chemical shift differences between two corresponding carbon nuclei (e. g., C3' and C6'; C4' and C5') are small(0.06-0.28 ppm) except for one pair(0.75 ppm). From chemical shift data reported for trimethylgermylbenzene, 14 the pair is assigned to C1'(the higher signal; proximal to C6) and C8'(the lower signal).The proximity of C1' and C6 is further demonstrated in 1 H NOESY spectrum of 10G where NOE was observed between H1' and one of H6' which will be described in the next paragraph.
( 1 H NMR Spectra)--1 Η NMR spectra were used for the conformational analysis of BCH from the advent of NMR spectroscopy. Attention has in particular been focused on the use of Karplus equation. Since the BCH ring is strained, a straightforward application of Karplus equation is difficult. From the observed coupling constants for Λ(Η·|-Η2) of 1C(0 Hz and 4.2 Hz), however, Read and Whitakker 13 could conclude that 1C is in a boat form based on these figures. Since the values of similar magnitude were observed for a variety of BCH compounds, their suggestion' seems reasonable. Vol. 17, Nos. [1] [2] [3] [4] 1994 Stereochemistry of 3-Germabicyclo [3. 1.0 
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In this connection it is interesting to notice that the CH2(C2,4) portion of 1 H NMR spectra of 11G 15 gives a well resolved AB quartet and the H1,5 signal appears as a sharp singet, (H5 and two H4)as is shown in Fig. 4 . Clearly two coupling constants between H1 and two H2 protons are practically zero, which is in accordance with the boat structure for GBCH moiety. Much the same is true for the same portion of 1 Η NMR spectra of 10G. In the boat form the proximity of endo-H6 and H1'(in the Ortep numbering, endo-C3 and H11) should be observed. In Fig. 5 , 1 H NOESY spectrum of 10G is shown. The expected cross peak at H1'--encto-H6 was clearly observed to indicate that NMR spectra can be a conclusive clue for the structure of GBCH as was the case with that of BCH.
Experimental
Molecular mechanics calculations
Molecular mechanics calculations were carried out with the aid of MM2 program. Details was described in the previous paper. 9 
NMR Spectra
The 73 Ge NMR. spectra were recorded as solutions in CDCI3 (1:1 v/v) on a JEOL FX-90Q
spectrometer equipped with an NM-IT 10LF low-frequency insert, operating at 3.10 MHz, in a 10 mm tube at 30°C. Typical measurement conditions were as follows: pulse width, 150 με(90°); spectral width, 2000 Hz; number of scans, 5000; pulse delay, 100 με; data points, 4096. The 13 C NMR spectra were determined for the same solutions on the same instrument at 22.50 MHz. Typical measurement conditions were as follows: pulse width, 13 μ5(40°;) spectral width, 2000 Hz; number of scans, 500; pulse delay, 1 s; data points, 4096. The 1 H and 13 C NMR spectra of 10G and 11G
were determined with JEOL a500 spectrometer operating at 500 MHz. Typical measurement conditions were as follows: ( 13 C Preparation of 10G and 11G will be described elsewhere.
